Renal tubular biochemistry during acute and chronic metabolic alkalosis in the dog  by Lemieux, Guy et al.
Kidney international, Vol. 27 (1985), PP. 908—918
Renal tubular biochemistry during acute and chronic metabolic
alkalosis in the dog
Gu LEMIEUX, ANDRE-LOUIS Kiss, CHRISTIANE LEMIEUX, ROSA JOFFRE IBANEZ,
and MANUEL RENGEL ARANDA
with the technical assistance of ANDREE QUENNEVILLE
Nephrology-Metabolism Division and Renal Laborato,y, Hôtel-Dieu Hospital and Departments of Medicine and Physiology, University of
Montreal, Montreal, Quebec, Canada
Renal tubular biochemistry during acute and chronic metabolic
alkalosis in the dog. Acute metabolic alkalosis was induced in dogs by
the infusion of sodium bicarbonate, 0.3 M. Chronic alkalosis was
induced by chloride restriction and the administration of sodium
bicarbonate and furosemide. In a third group of dogs, potassium was
added to the regimen to prevent frank potassium depletion. Plasma
bicarbonate ranged from 29.0 to 32.9 m. In all three dog groups, renal
ammoniagenesis fell by over 30%, which was consistent with a decrease
in the renal uptake of glutamine. Glutamate was released in the renal
vein and alanine production was decreased. Total production of am-
monia was lowest in the animals given a potassium supplement where
muscle potassium decreased much less than in the other chronic
animals. Urinary ammonia excretion was very low in all three animal
groups; this was related to an alkaline urine. However, this relationship
was not entirely consistent and the low excretion of ammonia could also
be related to decreased ammonia production by the renal tubular cell. In
the renal cortical tissue (freeze-clamped), the concentration of glutam-
ate did not change and that of a-ketoglutarate rose only in the animals
supplemented with potassium. Malate rose in all groups. In all animals,
renal tissue concentration of lactate and citrate rose while citrate
excretion increased. We feel that glycolysis could play an important
role in renal metabolism during acute and chronic metabolic alkalosis.
We have proposed a unified theory to explain the metabolic changes
that occur in lactate and citrate metabolism during metabolic alkalosis
with a depressing effect on ammoniagenesis. Although citrate could be
generated in the mitochondria from pyruvate, its oxidation is probably
inhibited with exit and accumulation in the cytosol.
Biochimie tubulaire rénale an cours d'une alcalose metabolique aigue
ou chronique chez le chien. Une alcalose metabolique aigud a été induite
chez des chiens par perfusion de 0,3 M de bicarbonate de sodium. Une
alcalose chronique a dté induite par restriction chlorurée et administra-
tion de bicarbonate de sodium et de furosémide. Dans un troisième
groupe de chiens, du potassium a été ajouté au régime pour prévenir
une déplétion potassique franche. La bicarbonatémie dtait comprise
entre 29,0 et 32,9 msi. Dans les trois groupes d'animaux, l'ammoni-
ogdnése rénale a chute de plus de 30% et cela concordait avec une
diminution de Ia captation rénale de glutamine. Du glutamate Ctait
relargué dans les veines rénales, et Ia production d'alanine diminuait.
La production totale d'ammoniaque était Ia plus faible chez les
animaux recevant une supplementation potassique et chez qui le
potassium musculaire diminuait bien moms que chez les autres animaux
chroniques. L'excrdtion urinaire d'ammoniaque était trés faible dans
les trois groupes d'animaux, et cela était relié a des urines alcalines.
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Cependant, cette relation n'était pas totale, et la faible excretion
d'ammoniaque pourrait aussi avoir été reliée a une baisse de production
d'ammoniaque par Ia cellule tubulaire rénale. Dans du tissu cortical
renal (conserve congelC), Ia concentration de glutamate ne changeait
pas, et celle de l'a-cétoglutarate s'élevait seulement chez les animaux
supplementes en potassium. Le malate s'élevait dans tous les groupes.
Chez tolls les animaux, Ia concentration tissulaire rénale de lactate et de
citrate s'est élevée, tandis que l'excrétion de citrate augmentait. Nous
pensons que Ia glycolyse pourrait jouer un rOle important dans Ic
métabolisme renal au cours d'une alcalose mCtabolique aigue ou
chronique. Nous avons propose une theorie uniciste pour expliquer les
modifications métaboliques qui surviennent dans Ic metabolisme du
lactate et du citrate pendant une alcalose métabolique avec un effet
ddpresseur sur l'ammoniogenese. Bien que du citrate puisse étre généré
dans les mitochondries a partir du pyruvate, son oxydation est probable-
ment inhibée avec sortie et accumulation dans le cytosol.
A great number of studies have been performed to evaluate
the effect of acute and chronic metabolic acidosis on renal
metabolism and to explore the mechanisms of renal adaptation
to this condition [1—4]. It has been well established that during
metabolic acidosis, renal ammoniagenesis increases [1, 5] as
well as gluconeogenesis (in vitro) [2, 5, 6], while in the rat [1, 7]
and in the chicken [8] it can be demonstrated that renal enzyme
adaptation occurs in the form of glutaminase I, glutamate
dehydrogenase, and phosphoenolpyruvate carboxykinase
(PEPCK) (except in the chicken) [1, 9, 10]. Renal tissue
glutamine, glutamate and cs-ketoglutarate concentrations have
been found to decrease [4]. No equivalent studies have been
realized during acute and chronic metabolic alkalosis. Oc-
casional studies have revealed that a-ketoglutarate rises in the
kidney during acute metabolic alkalosis [5]. It has also been
stated that renal gluconeogenesis decreases during metabolic
alkalosis by inhibition of the utilization of oxaloacetate, s-
ketoglutarate, pyruvate, and lactate in the gluconeogenic path-
way through phosphoenolpyruvate carboxykinase [2, 6].
Chronic metabolic alkalosis is complicated by the fact that
associated potassium depletion may stimulate renal ammonia-
genesis and gluconeogenesis [11—13]. The present in vivo study
was undertaken in the dog to clarify the metabolic conse-
quences of acute and chronic metabolic alkalosis on the kidney.
The data permit to evoke that alterations in lactate and citrate
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metabolism may explain the depressing effect of alkalosis on
renal ammoniagenesis and gluconeogenesis.
Methods
Mongrel dogs weighing between 25 and 30 kg were used.
Acute metabolic alkalosis was induced in nine animals while
chronic metabolic alkalosis was induced in 20 animals, 10
without potassium supplement, and 10 with potassium supple-
ment. On the day of the experiments, the animals were anes-
thetized with intravenous sodium pentobarbital, 30 mg/kg. They
were intubated and connected to a Harvard respiratory pump,
breathing 100% oxygen, and ventilated to maintain plasma Pco2
around 40 mm Hg.
After anesthesia, the abdomen was opened and a catheter
was inserted in the left renal vein while the left ureter was
catheterized. A jugular vein was used for intravenous infusion
of solutions and a femoral artery was used to draw arterial
blood samples.
Control period
During the control period, the animals were infused with an
isosmotic solution containing half 5% mannitol and half 0.9%
sodium chloride with appropriate amounts of para-aminohip-
purate (PAH) and creatinine.
At the beginning of the control period, before the induction of
acute metabolic alkalosis, a piece of the right kidney cortex, of
the liver and of the sartorius muscle was taken and freeze-
clamped in liquid nitrogen according to the technique of Wol-
lenberger, Ristau, and Schoffa [14]. The vascular pedicle and
the ureter of the right kidney were then ligated. We have
demonstrated that metabolic processes are similar in both
kidneys before freeze-clamping 1151. When urine flow was
stable, three 10-mm collections of urine were obtained under
mineral oil with appropriate blood samples. The data from these
nine animals served as control values in all three alkalotic
animal groups.
Acute metabolic alkalosis
After the control period, the animals were infused with 0.3 M
sodium bicarbonate at 5 mI/mm to attain a plasma bicarbonate
concentration above 30 m. This usually took 1 hr. At that
time, three 10-mm collections of urine were obtained under
mineral oil with appropriate blood samples. At the end of the
experiment, a portion of the left kidney cortex was freeze-
clamped as well as another portion of the liver and of the
sartorius muscle.
Chronic metabolic alkalosis
To induce chronic metabolic alkalosis, the dogs were fed an
electrolyte-free diet prepared in our laboratory as previously
reported [161. This is essential since chronic metabolic alkalosis
cannot be induced in the dog if chloride is available in the diet
[16]. Two animal groups were studied. In the first group of
seven dogs, the animals were tube-fed twice a day and sodium
bicarbonate, 10 mEq/kg/day, was added to the diet as well as
furosemide, 4 mg/kg/day. This regimen was continued for 7
days. Frequent blood sampling was used to follow the develop-
ment of chronic alkalosis. In the second group of seven dogs, a
supplement of potassium bicarbonate, 2 mEq/kg/day, was
added to sodium bicarbonate and furosemide. It was hoped that
with this maneuver, potassium depletion associated with
alkalosis would be less pronounced. On the morning of the
experiments, the same surgical procedure was performed as in
the animals with acute metabolic alkalosis. After anesthesia,
these animals were infused with 5% mannitol containing sodium
bicarbonate between 30 and 40 m to maintain plasma bi-
carbonate concentration around the initial value. Three 10-mm
urine collections were obtained under conditions of stable urine
flow. Freeze-clamping of the left kidney, the liver, and sartonus
muscle was performed only at the end of the experiments. Total
muscle potassium was measured after solution in nitric acid
[17].
Six additional experiments were performed in three animals
without potassium supplement and in three animals with potas-
sium supplement. These animals did not receive any sodium or
potassium bicarbonate on the day prior to the experiments to
minimize the effect of this bicarbonate on urinary pH and
ammonium excretion.
Tissue metabolism
In the renal, hepatic, and muscle tissue obtained by freeze-
clamping, the following metabolites were measured: glutamine,
glutamate, a-ketoglutarate, malate, phosphoenolpyruvate, 2-
phosphoglycerate, 3-phosphoglycerate, glucose-6-phosphate,
lactate, pyruvate, citrate, alanine, aspartate, beta-hydro-
bybutyrate, acetoacetate, ammonium, ATP, ADP, and AMP.
Oxaloacetate was calculated from lactate dehydrogenase and
aspartate aminotransferase [15, 18, 19]. The mitochondrial
redox potential (NAD/NADH) was calculated according to
glutamate dehydrogenase (GLDH) and beta-hydroxybutyrate
dehydrogenase (HBDH) while cytosolic redox was calculated
from lactate dehydrogenase (LDH) [18, 19]. The equilibrium
constants for aspartate aminotransferase (KGOT) and alanine
aminotransferase (KGPT) were also calculated [18, 19]. All the
techniques used to measure metabolites and to perform the
various calculations have been reported previously [4, 15].
In vivo maneuvers
Glomerular filtration rate (GFR) was measured by exogenous
creatinine clearance and renal blood flow by PAH clearance
corrected for renal extraction [20, 21]. The renal extraction or
production of glutamine, glutamate, ammonia, pyruvate, lac-
tate, alanine, and citrate was measured by methods already
reported [4, 151 with a correction according to Wolf's equation
[22]. Plasma was used to measure metabolites. All other meth-
ods used in the present study have been reported previously
[15, 16, 20]. Partial pressure of ammonia (pNH1) was estimated
by the method of Denis, Preuss, and Pitts [23] using the
equation of Jacquez, Poppell, and Jeltsch [24].
Statistical analysis
A variance analysis for randomized design [25] was per-
formed to permit comparison between each of the four experi-
mental situations (control, acute alkalosis, chronic alkalosis
without potassium, and chronic alkalosis with potassium sup-
plement). Student t test for paired and unpaired values was also
used for certain studies. A P value of less than 0.05 was
considered significant. All values are reported as means SE.
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Table 1. Blood and plasma values (arterial)a
pH
Pco2, mm Hg
HC03, mM
K-, mr'c
Na, mM
Cl-, mM
Glutamine, moles/ml
Alanine, p.mo/eslml
Lactate, jimoles/mi
Pyruvate, pmo1es/m1
L/P
Citrate, imoles/ml
Control
(N = 9)
7.34 0.02
38
20.9 0.6
3.8 0.13
141 1.1
Ill 1.1
0.473 0.021
0.321 0.021
1.61 0.12
0.078 0.013
21
0.111 0.014
Acute alkalosis
(N = 9)
7.52 002b
41
32.6 1,7b
3,5 0.17
144 2.5
107 1.3
0.384 0.017
0.279 0.028
1.74 0.26
0.110 0.012
16
0.109 0.014
Chronic
alkalosis no K(N = 7)
7.51 0,02b
42
32.9 1,0b
2.2 01h
141 1.5
91 14
0.493 0.011
0.274 0.018
2.94 064b
0.153 0023b
19
0.142 0,0l9
Chronic alkalosis
plus K
(N =7)
7,49 0,02b
39
29.0 11b
3.7 0.2
137 1.2
99 1,0b
0.437 0.038
0.325 0.045
2.41 024b
0.137 0012b
18
0.177 0023b
Table 2. Urinary values°
Control
(N=9)
Acute alkalosis
(N=9)
Chronic alkalosis
no K
(N=7)
Chronic alkalosis
plus K(N=7)
pH 6.54 0.15 7,79 005b 7.32 010b 753 009b
Pco2, mm Hg 48 2.5 67 21b 45 3.3 62 3,9b
U1103—V, amo1es/min
U-BpCO2, mm Hg
6.2
9.8
1.7
2.2
243.0 61,0h
25.9 2,9b
23.3 4.8
3.4 2.9
61.8 11.5
23.5 4.2'
UK+V, ismoles/min 30.0 0.04 77.2 12.2" 12.3 1.4 44.0 8.1
UNaV, /Lmoles/min 39.0 7.7 252.0 783b 54.3 9.6 37.2 9.2
U,- V, pmoles/min 40.0 14.9 30.0 9.9 16.1 8.6 20.0 4.0
UaitratV, molesImjn 0.06 0.007 0.27 0.04" 0.26 0.04" 0.26 0.05"
Abbreviation: N, the number of experiments.
a The values are means SE.
b The value is significantly different from control values (P < 0.05).
Results
Acute melaholic alkalosis
During the infusion of sodium bicarbonate, plasma bicarbo-
nate rose from 20.9 to 32.6 m. Serum potassium fell from 3.8
to 3.5 m but this fall was not significant. Plasma sodium did
not change but chloride fell from ill to 107 m. No significant
change could be observed in plasma glutamine, alanine, lactate,
pyruvate, or citrate (Table I).
In these experiments, urinary pH became very alkaline and
large amounts of bicarbonate were excreted along with sodium
and potassium (Table 2). Urinary minus blood Pco2 (U-Bp02)
rose from 9,8 to 25.9 mm Hg. Urinary citrate excretion rose
fourfold (Table 2).
Glomerular filtration rate did not change while an insignifi-
cant fall (15%) in renal blood flow was observed (Table 3).
Urinary excretion of ammonia fell markedly but the renal
venous production was unchanged (Table 3). Total production
of ammonia decreased by 33%, but this was due entirely to the
decrement in urinary excretion (Table 3). The partial pressure
of ammonia (pNH3) in the renal vein rose significantly. The
renal extraction of glutamine decreased by 38% so that the fall
in total ammonia production by the kidney agreed with the
decreased extraction of glutamine. No glutamine was found in
the urine during the control period or the infusion of bi-
carbonate. Filtered glutamine exceeded extracted glutamine.
Lactate and citrate extraction did not vary significantly. The
production of alanine decreased by 23% while the production of
glutamate increased by 37% (Table 3). It is of interest that the
renal extraction of pyruvate rose almost threefold.
Examination of the renal cortical metabolite profile (Table 4)
reveals that phosphoenolpyruvate and 2-phosphoglycerate fell
significantly. Lactate rose by 77% and citrate by 75%. Malate
also rose by 31%. The cytosolic redox potential (NAD'7
NADH), calculated from the lactate dehydrogenase reaction,
fell by 51%.
In the liver (Table 5), glutamine concentration fell signifi-
cantly as well as glutamate. a-Ketoglutarate did not change. As
in the kidney, citrate concentration rose but lactate did not
change. No other changes in hepatic metabolite profile were
observed.
In the muscle, only lactate and pyruvate increased while
citrate did not change (Table 6). Muscle potassium concentra-
tion did not change (Table 7).
Chronic metabolic alkalosis without potassium supplement
In this group of seven dogs which became alkalotic after 7
Abbreviation: N, the number of experiments.
a Values are means SE.
The value shown is significantly different from control values (P < 0.05).
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Table 3. Renal extraction and production of metabolites (left kidney)a
GFR, mI/mm
RBFC, mi/mm
UNH4*V, smoles/min
Renal venous production of NH4+,
moles/min
Total production of NH4,
iimoles/min
Arterial pNH3, mm Hg x 10 6
Renal venous pNH3, mm Hg x 10-6
Urinary pNH3, mm Hg x 10
Glutamine extraction, moles/min
Glutamate production, moies/min
Alanine production, moles/min
Citrate extraction, moles/min
Lactate extraction, moles/min
Pyruvate extraction, pmoles/min
Control
(N =9)
37.0 3.0
210.3 12.3
8.2 1.2
11.9 1.1
Acute alkalosis
(N =9)
35.2 2.9
179.0 14.4
2.2 04b
11.2 1.3
Chronic alkalosis
no
(N — 7)
27.0 5.1
147.1 18.6
2.3 09b
10.7 1.5
Chronic alkalosis
plus K
(N =7)
33.2 2.6
186.1 19.4
1.9 05b
8.0 0.5"
days on electrolyte-free diet and administration of sodium
bicarbonate and furosemide, mean plasma bicarbonate was 32.9
m while plasma potassium was 2.2 mM and chloride 91 mM.
Plasma glutamine and alanine did not change but lactate and
pyruvate rose twofold while citrate rose by 28% (Table 1).
Mean urinary pH was 7.32 with a modest bicarbonaturia of
23.3 moles/min. Urinary citrate was fourfold higher than
during control (Table 2).
As shown in Table 3, GFR was 27% lower and renal blood
flow 30% lower than during control. However, these changes
were not statistically significant. Urinary excretion of ammonia
was low and similar to that observed during acute alkalosis. The
release of ammonia in the renal vein was not different from that
observed during control so that the total decrement in ammonia
production was related to decreased urinary excretion and was
similar to that observed during acute metabolic alkalosis (Table
3). Renal venous pNI-i3 was elevated when compared to control
values. The renal extraction of glutamine decreased in propor-
tion to the decrement in ammonia production. Glutamine was
absent from the urine and filtered glutamine exceeded extracted
glutamine. Glutamate production by the kidney increased by
75%. Alanine production was 17% lower than in control dogs.
Extraction of lactate was 32% lower than in control animals but
extraction of citrate was unchanged. The extraction of pyruvate
was 88% higher than in the control animals (Table 3).
In these experiments, the renal cortical metabolite profile did
not show any change in glutamate or a-ketoglutarate concentra-
tion. However, glutamine concentration fell by 40%. Phospho-
enolpyruvate, 2-phosphoglycerate, and 3-phosphoglycerate fell
significantly. Malate rose as well as lactate, pyruvate, and
citrate. Ammonia concentration was unchanged but ATP fell.
The calculated cytosolic NADINADH fell (Table 4).
In the liver, glutamine concentration was also lower than in
control animals. Phosphoenolpyruvate, 2-phosphoglycerate,
and 3-phosphoglycerate fell as they did in the kidney. Also,
there was a rise in lactate and glucose-6-phosphate (Table 5).
In the muscle, there was also a significant rise in lactate and
pyruvate concentrations (Table 6). Both the cytosolic and the
mitochondrial redox potential (NAD/NADH) were decreased
(Table 6). Muscle potassium was significantly lower than that
observed in control dogs or in animals with acute metabolic
alkalosis (Table 7).
Chronic metabolic alkalosis with potassium supplement
In these seven experiments, mean plasma bicarbonate was
29.0 m and serum potassium was normal at 3.7 mM. Plasma
chloride was 99 m. Plasma glutamine and alanine did not
change, but plasma lactate, pyruvate and citrate were signifi-
cantly higher than in control dogs (Table I).
Urinary pH was higher than in chronic alkalosis without a
potassium supplement. Bicarbonate excretion was also higher
with elevated U-B Pco2 (Table 2). Citrate excretion was as high
as in the other two types of alkalosis.
In these experiments, GFR and renal blood flow were not
different from that observed during the control period (Table 3).
Urinary ammonia was low as in the other types of alkalosis.
However, in contrast to the other experiments, renal venous
production of ammonia was also decreased (Table 3). There-
fore, the total production of ammonia was the lowest observed
in the three groups of alkalotic animals (Table 3). It is of interest
that renal venous pNH3 was not significantly different from that
observed during the control period. The renal extraction of
glutamine was the lowest observed in the three groups of
alkalotic animals (Table 3). The production of glutamate was
increased by more than twofold. Alanine production was de-
creased by 23%. The renal extraction of pyruvate increased
2.7-fold, that of citrate by 34% while that of lactate was
unchanged (Table 3),
The concentration of a-ketoglutarate in the renal tissue was
significantly higher than in the other groups of alkalotic animals
(Table 4). Malate was also higher as well as lactate, citrate, and
pyruvate. The concentration of phosphoenolpyruvate and 2-
phosphoglycerate fell significantly. The renal cytosolic
NAD/NADH was also lower than in control animals.
20.1 1.4 13.4 1.3" 13.0 2.0" 99 09b
40.2 3.8 59.8 9.0 56.3 5.9 55.3 7.0
67.7 6.0 106.8 12.9" 118.1 14.1" 87.8 4.9
897 272 2072 ÷ 517 794 61 1333 266
14.4 1.7 8.9 0.9" 9.9 0.8" 6.7 0.7"
0.946 0.732 1.295 0.322" 1.658 0.269" 2.231 0.307"
8.1 0.9 6.2 0.9 6.7 0.7 6.2 1.2
5.0 0.7 5.6 1.0 4.9 0.7 6.7 1.4
69.3 7.2 55.4 5.6" 47.0 85b 63.9 11.0
0.91 0.05 2.55 0.16" 1.71 0.15' 2.42 0.12"
Abbreviation: N, the number of experiments.
a The values are means SE.
"The value is significantly different from control values (P < 0.05).
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Table 4. Renal cortical metabolite profilea
Metabolites
/Lmoleslg wet WI
Glutamine
Glutamate
a-Ketoglutarate
Malate
Oxaloacetate (calculated)
LDH, nmoles
GOT, nmoles
Phosphoenolpyruvate
2-Phosphoglycerate
3-Phosphoglycerate
Glucose-6-phosphate
Lactate
Pyruvate
LIP
Citrate
Alanine
Aspartate
B-OH butyrate
Acetoacetate
Ammonium
ATP
ADP
AMP
Control
(N = 9)
0.560 0.058
4.844 0.397
0.097 0.017
0.118 0.017
1.9
2.4
0.072 0.011
0.069 0.010
0,074 0.009
0.035 0.005
0.689 0.064
0.070 0.014
10
0.195 0.017
0.944 0.088
0.788 0.066
0.042 0.006
0.166 0.063
0.392 0.064
1.545 (1.040
0.742 0.131
0.320 0.072
Acute alkalosis
(N = 9)
0.510 0.079
4.775 0.289
0.107 0.013
0.155 0022b
2.2
2.2
0.065 0,0l1'
0.057 0011b
0.069 0.013
0.034 0.006
1.219 0.l53
0.054 0.007
23
0.342 0,059b
0.797 0.087
0.766 0.089
0.047 0.009
0.143 0.046
0.337 0.041
1.361 0.086
0.741 0.107
0.340 0.064
Chronic
alkalosis no
(N =7)
0.334 oo22
4.226 0.399
0.081 0.015
0.199 O.0i7'
2.1
1.7
0.038 0,003b
0.038 0006b
0.047 ocya6b
0.030 0.008
1.912 o319
0.088 0.028k
22t'
0.329 0,048b
0.997 0.133
0.718 0.156
0.039 0.007
0.060 0006b
0.381 0.057
0.95 0088b
0.864 0.056
0.376 0.043
Chronic alkalosis
plus K
(N =7)
0.529 0.068
4.918 0.530
0.240 0029b
0.188 0015b
2.3
4.1
0.052 0011b
0.045 0.008k'
0.072 0.014
0.042 0.005
1.789 0293b
0.084 0018b
21"
0.358 0,031b
0.899 0.082
0.573 0.115
0.049 0.009
0.052 0.009"
0.256 0023b
1.308 0.107
0.765 0.091
0.257 0039"
Calculated values
NAD/NADH GLDH
NAD/NADH HBDH
NAD/NADFI LDH
KGOT
KGPT
4.0
41.8
743,4
6.4
0.4
4,9
29.4
367.9
12.4
0.6
4,7
33.2
375.5
7.4
0.3
6.7
26.9
441.6
12.2
0.6
in the liver, glutamine concentration was lower than in
control animals. Glucose-6-phosphate and lactate were signifi-
cantly higher (Table 5). Citrate concentration was lower than in
control animals. Phosphoenolpyruvate and 2-phosphoglycerate
fell as they did in the kidney cortex.
In the muscle, the only significant change was an elevation in
lactate and pyruvate concentrations (Table 6). Muscle potas-
sium was lower than in control animals but higher than in the
alkalotic animals not receiving potassium supplement (Table 7).
The observed changes in renal cortical tissue metabolite
concentration in all these experiments are illustrated in Figure 1
using the cross-over plot technique.
Additional experiments on chronic metabolic alkalosis (no
bicarbonate administered I day prior to the experiments)
In the three additional experiments without potassium sup-
plement, plasma bicarbonate was 28.3 0.6 m and serum
potassium 1.9 0.09 m. Urinary pH was 6.38 0.12 versus
7.32 0.10 in the animals receiving bicarbonate every day (P <
0.05). Bicarbonate excretion in the urine was also lower averag-
ing 3.03 0.67 moles/min versus 23.27 4.81 .tmoles/min in
the animals receiving bicarbonate. Urinary excretion of am-
monium averaged 4.0 0.77 smoles/min versus 2.27 0.93 in
the other animals receiving bicarbonate every day. This slight
increase was not significant. In these experiments the renal
extraction of glutamine and the renal venous production of
ammonium were similar to that observed in the animals receiv-
ing bicarbonate until the end.
In the three experiments where the animals received a
potassium supplement but no bicarbonate on the day before the
experiment, plasma bicarbonate averaged 30.8 1.33 m and
serum potassium 3.0 0.13 m. Urinary pH averaged 7.05
0.22 versus 7.53 0.09 in the animals receiving bicarbonate
until the end (P < 0.05). Bicarbonate excretion was also lower
averaging 25.22 12.31 versus 61.18 11.48 moles/min.
However, urinary ammonium excretion was not different in the
two groups of experiments (1,47 0.55 mo1es/min versus 1.92
0.52 moles/min). The renal extraction of glutamine and
renal venous production of ammonium were similar to those
observed in the experiments where the animals received bi-
carbonate during 7 consecutive days.
The relationship between urinary pH and urinary ammonium
excretion in the two groups of three dogs which did not receive
bicarbonate prior to the experiments is shown in Figure 2.
When compared to the control animals, it is obvious that the
excretion of ammonium was lower for a given pH in the
alkalotic animals. The animals which did receive a potassium
supplement showed the lowest ammonium excretion and the
highest urinary pH. In Figure 3, all urinary ammonium excre-
Abbreviation: N, the number of experiments.
The values are means sE.
"The value is significantly different from control values (P < 0.05).
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Table 5. Liver metabolite profilea
Metabolites
/.Lmoleslg wet wt
Glutamine
Glutamate
a-Ketoglutarate
Malate
Oxaloacetate (calculated)
LDH, nmoles
GOT, nmoles
Phosphoenolpyruvate
2-Phosphoglycerate
3-Phosphoglycerate
Glucose-6-phosphate
Lactate
Pyruvate
LIP
Citrate
Alanine
Aspartate
B-OH butyrate
Acetoacetate
Ammonium
ATP
ADP
AMP
Control
(N = 9)
3.050 0.235
3.429 0,314
0.174 0.044
0.658 0.076
7.9
4.5
0.078 0.006
0.067 0.017
0.085 0.014
0.130 0.017
1.688 0.193
0.071 0.011
24
0.408 0.069
0.744 0.125
0.784 0.168
0.080 0.009
0.197 0.055
0.891 0.051
2.011 0.068
0.874 0.130
0.214 0.049
Acute alkalosis
(N =9)
2.047 0257b
2.670 0,188b
0.178 0.032
0.661 0.070
15.9
6.6
0.109 0.012
0.080 0.013
0.095 -+- 0.012
0.108 0.013
1.099 0.126
0.096 0.013
1 1b
0.673 0134b
0.611 0.108
0.644 0.061
0.088 0.017
0.203 0.058
0.808 0.053
2.345 0.216
0.822 0.152
0.290 0.092
Chronic
alkalosis no
(N=7)
1.713 0351b
3.273 0.293
0.120 0.026
0.699 0.097
5.41
4.1
0.068 0007b
0.055 0004b
0.066 0,010b
0.267 0,049b
2.527 0,336b
0.088 0.023
29
0.316 0,047b
0.947 0.218
0.779 0.039
0.109 0.019
0.103 0.009"
0.979 0.263
1.819 0.127
0.984 0.084
0.275 0.039
Chronic alkalosis
plus K
(N =7)
1.790 0121b
2.809 0.224
0.138 0.035
0.579 0.052
4.3
5.6
0.070 0007b
0.059 0.009"
0.093 0.020
0.315 0050b
3.073 0332b
0.088 0.013
35
0.266 0,030b
0.857 0.128
0.647 0.071
0.094 0.003
0.102 0020b
0.732 0.128
2.066 0.149
1.196 0.160
0.358 0.050
Calculated values
NADINADH GLDH 12.3
NADINADH HBDH 30.7
NADINADH LDH 414.4
KGOT 5.4
K01 0.5
Abbreviation: N, the number of experiments.
a The values are means SE.
b The value is significantly different from control values (P < 0.05).
tion values versus urinary pH are shown for all acute experi-
ments and also for all chronic experiments where oral bi-
carbonate was administered until the day of anesthesia. A close
relationship between high pH and low amtnonium is observed.
However, as shown in Figures 2 and 3, for a given urinary pH
around 7.0, the alkalotic animals show a lower ammonium
excretion when compared to control animals.
Discussion
The renal response to acute and chronic metabolic acidosis
has attracted a great number of investigators during the past 35
years. It is recognized that the kidney of human [26], dog [27],
chicken [8], and rat [1] adapts to chronic metabolic acidosis by
increasing ammonia production and excretion. It can be dem-
onstrated in vitro that renal gluconeogenesis from glutamine
and glutamate is also augmented [28, 29]. It has been shown in
the rat that the activity of the enzymes concerned with am-
moniagenesis and gluconeogenesis such as glutaminase I,
glutamate dehydrogenase and phosphoenolpyruvate carboxyki-
nase (PEPCK) increases significantly during metabolic acidosis
[1,9, 10]. Some enzyme adaptation can also be demonstrated in
the chicken kidney [8]. This cannot be shown in the kidney of
the dog [91. It is well established that the renal uptake of
glutamine from both the luminal and antiluminal sites of the
renal tubular cell is increased during chronic metabolic acidosis
in the dog [21]. It has also been demonstrated that glutamine
transport is accelerated in dog kidney mitochondria during
metabolic acidosis [3]. The concentration of various metabolic
intermediates in the kidney of dog [4], chicken [8], and rat [4]
has been studied, and it has been demonstrated that the
concentration of glutamine, glutamate, and a-ketoglutarate is
usually significantly depressed.
Studies on the response of the kidney to metabolic alkalosis
are much less numerous. An alkaline urine usually contains
little ammonium. This has been attributed to decreased non-
ionic diffusion of ammonia from the renal tubular cell into an
alkaline medium [30]. It has been shown that the renal extrac-
tion of glutamine is lower in alkalosis than in acidosis [311. Such
information has been obtained mainly during acute loading with
sodium bicarbonate. Metabolic alkalosis is complicated by the
fact that associated potassium depletion may alter the metabolic
response by increasing renal ammoniagenesis and gluconeo-
genesis [11, 12]. The metabolite profile of the alkalotic kidney
has received little attention. Boyd and Goldstein [5] have shown
that acute metabolic alkalosis induces accumulation of a-
ketoglutarate and glutamate in the rat kidney without change in
glutamine, phosphoenolpyruvate, pyruvate, or lactate. Relman
[32] has reported that acute metabolic alkalosis in the dog is
accompanied by an increased percentage of citrate, isocitrate,
cr-ketoglutarate, fumarate, malate, oxaloacetate, pyruvate, and
13.2 7.8 9.7
20.6 22.8 22.1
859.3 291.9 297.3
3.5 5.6 7.4
0.4 0.4 0.5
914 Lemieux et a!
Table 6. Muscle metabolite profilea
Metabolites
p.moleslg wet WI
Glutamine
Glutamate
a-Ketoglutarate
Malate
Oxaloacetate (calculated)
LDH, nmoles
GOT, nmoles
Phosphoenolpyruvate
2-Phosphoglycerate
3-Phosphoglycerate
Glucose-6-phosphate
Lactate
Pyruvate
LIP
Citrate
Alanine
Aspartate
B-OH butyrate
Acetoacetate
Ammonium
ATP
ADP
AMP
Control
(N=9)
4.004 0.602
2.914 0.243
0.067 0.008
0.091 0.020
1.3
0.7
0.030 0.003
0.022 0.003
0.033 0.004
0.514 0.161
1.767 0.203
0.066 0.016
27
0.186 0.009
1.615 0.155
0.348 0.031
0.044 0.008
0.086 0.033
0.680 0.067
4.588 0.303
0.629 0.064
0.059 0.008
Acute alkalosis
(N = 9)
3.956 0.529
2.582 0.356
0.067 0.006
0.153 0.038
1.5
0.5
0.030 0.002
0.014 0.002
0.045 0.008
0.573 0.021
2.592 0544b
0.103 O.OlS
25
0.153 0.031
1.799 0.204
0.477 0.1l7
0.040 0.005
0.075 0.051
0.513 0.129
4.18 0.402
0.663 0.036
0.061 0.008
Chronic
alkalosis no
(N=7)
5.537 0.776
2.288 0.297
0.046 0.003
0.149 0.027
1.0
0.7
0.021 0.002
0.026 0.009
0.018 0.003
0.627 0.081
3.202 0224b
0.089 0010b
36
0.179 0.023
1.877 0.177
0.208 0.030
0.043 0.003
0.019 0002b
0.413 0129b
4.534 0.378
0.681 0.092
0.072 0.014
Chronic alkalosis
plus K(N=7)
4.454 0.470
2.861 0.342
0.074 0.009
0.189 0.022k'
L6
0.8
0.028 0.004
0.024 0.003
0.035 0.006
0.678 0.128
3.856 0573b
0.109 ool4
35
0.231 0.023
1.890 0.190
0.231 0.042
0.036 0.006
0.025 0.006'
0.318 0028b
4.343 0.416
0.751 0.121
0.061 0.006
Calculated values
NADINADH GLDH 2.1 4.9
NADINADH HBDH 20.7 12.3
NAD/NADH LDH 306.9 337.6
KGOT 3.8 16.2
KGPT 0.5 0.6
Abbreviation: N, the number of experiments.
a The values are means sa.
The value is significantly different from control values (P < 0.05).
Chronic Chronic
Acute alkalosis alkalosis
Control alkalosis no K plus K(N=6) (N=6) (N=6) (N=6)
99 3.5 90 2.0 49 1.3k' 77 1.5l
Abbreviation: N, the number of experiments.
a The values are means SE.
The value is significantly different from control values (P < 0.05).
lactate in the renal cortex [32]. However, he does not report
actual data and is concerned mainly with a review discussion on
the effects of acid-base disorders on renal metabolism [32].
In the present study, we have attempted to define clearly the
metabolic response of the dog kidney to acute and chronic
metabolic alkalosis, while taking the problem of associated
potassium depletion into serious consideration.
We show that during acute and chronic metabolic alkalosis, a
very low excretion of ammonium relates to an alkaline urine.
This low excretion of ammonium could be explained by an
inhibition of non-ionic diffusion of ammonia formed in the renal
tubular cell [30]. This maneuver does not appear to be the whole
story because marked decrease in ammonia excretion was also
shown in less alkaline urine and was not well correlated with the
amount of bicarbonate excreted. We feel that decreased am-
monia excretion could very well be related to the observed
decrement in ammonia production.
We have confirmed that the renal extraction of glutamine falls
in both acute and chronic metabolic alkalosis. This in itself is
sufficient to explain the decrement in ammonia production. It is
very important to note that the renal venous production of
ammonia was unchanged except in chronic alkalosis with the
administration of a potassium supplement. We are tempted to
attribute the maintenance of renal venous production of am-
monia to an increase in cellular pNH3 reflected by the observed
increase in renal venous pNH3 in acute and chronic alkalosis
without potassium supplement [21].
The observed decrease in renal extraction of glutamine in
metabolic alkalosis could very well be secondary to a dimin-
ished transport of glutamine at the antiluminal site and in the
mitochondria in opposition to what occurs in metabolic acidosis
[21]. Because glutamine was not recovered in the urine, it is
obvious that all filtered glutamine was reabsorbed in the proxi-
mal tubule. If this glutamine was not well transported and
utilized in the mitochondria in alkalosis, one does not have to
invoke a defect in antiluminal uptake.
The problem of associated potassium depletion in metabolic
alkalosis was considered seriously in the present experiments.
No evidence of potassium depletion was detected during acute
metabolic alkalosis. When the animals were not supplemented
2.3
7.9
245.9
5.0
0.5
1.2
9.8
281.6
5.5
0.5
Table 7. Muscle potassium mM/kg wet fat-free tissuea
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0
C
5,0
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280
260
240
220
200
180
160
140
120
100
80
60
40
Fig. 1. Crossover plot of renal tissue metabolites during metabolic
alkalosis. Changes in tissue concentrations are compared to 100%
observed in the control animals. Acute metabolic alkalosis is repre-
sented by i. Chronic metabolic alkalosis without potassium is repre-
sented by 0 and with potassium supplement by •. Abbreviations:
GLN, glutamine; GLU, glutamate; aKG, a-ketoglutarate; MAL, ma!-
ate; OAA, oxaloacetate (from LDH); CIT, citrate; PEP, phospho-
enolpyruvate; PYR, pyruvate; LACT, lactate; 2PGA, 2-phosphoglycer-
ate; 3PGA, 3-phosphoglycerate; G6P, glucose-6-phosphate.
with potassium during chronic metabolic alkalosis, it is evident
that severe potassium depletion took place as evidenced by
severe hypokalemia and decrement in muscle potassium. Such
depletion did not make much difference in the production of
ammonia by the kidney and in the renal uptake of glutamine
which were both decreased as in acute alkalosis. Although
potassium depletion may be associated with increased secretion
of hydrogen ion by the renal tubular cell [11, 121, such an effect
was not evident in the present studies. If U-B Pco2 is truly a
reflection of hydrogen secretion in the distal tubule [33—351, this
function was unchanged in chronic alkalosis with potassium
depletion, which could be related to a lower urinary bicarbonate
concentration [34]. The observed insignificant fall in renal
hemodynamics could nevertheless be attributed to K deple-
tion [36—38].
The administration of a potassium supplement had some
preventive effect as evidenced by muscle potassium and normal
serum potassium. However, it was only in these experiments
that the renal venous production of ammonia was reduced
without a significant change in renal venous pNH3. Also, the
extraction of glutamine by the kidney was the lowest observed
in the three alkalotic animal groups. This could mean that the
cell interior was more alkalotic than in the animals not receiving
potassium or made acutely alkalotic.
It is of interest that glutamate production by the kidney was
increased during alkalosis. This could represent a block in the
deamination of glutamate under the influence of glutamate
dehydrogenase with the resulting release of glutamate in the
10
8
C
E45)0
>
+I 4z
2-
6
x
0
0
0
6.0 6.5
x
I I
7.0 7.5 8.0
Urinary pH
Fig. 2. Relationship between urinary pH and ammonium excretion in
animals with chronic metabolic alkalosis which did not receive bi-
carbonate 1 day prior to the experiments. Symbols are: control animals,
x; alkalotic animals without potassium, 0; alkalotic animals with
potassium supplement, •.
renal vein. The explanation for the associated decrease in
alanine production must rest with the inhibition of alanine
aminotransferase since the usual precursors of alanine such as
pyruvate and glutamate were readily available.
Examination of the metabolite profile of the kidney, liver, and
muscle during metabolic alkalosis is of great interest. Renal
glutamine, glutamate and a-ketoglutarate did not change signifi-
cantly except during supplementation with potassium where
a-ketoglutarate concentration rose significantly. These data are
different from those reported during acute metabolic alkalosis
by Boyd and Goldstein in the rat [51 and by Relman in the dog
[32]. Although, one could have expected a rise in concentration
of all three metabolites, the observed fall in renal ammonia-
genesis can still be explained by a fall in redox potential in the
cytosol which could affect the regeneration of reducing equiva-
lents and induce alterations in the conversion of glutamate to
cx-ketoglutarate [39J. Also, it is not impossible that inhibition of
a-ketoglutarate dehydrogenase took place especially in the
alkalotic animals with potassium supplement in which an incre-
ment in renal cs-ketoglutarate could be demonstrated.
The fall in glutamine concentration in the liver should be
underlined since it has been demonstrated that bicarbonate ions
play an important role in the utilization of glutamine by
hepatocytes [40]. It is quite possible that such a phenomenon
took place in our alkalotic animals thus explaining the fall in
liver glutamine concentration. It is evident, however, that such
a phenomenon had no influence on the concentration of arterial
plasma glutamine and that the kidney was not deprived of any
glutamine from the circulation.
Perhaps the most interesting observations made in the pres-
c / I
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renal extraction of pyruvate was accelerated in alkalosis is not
clear. Perhaps this reflects an increased demand by the renal
tubular cell for the production of lactate and oxaloacetate and
acetyl CoA and explains in the part why the renal concentration
of pyruvate increased slightly during chronic alkalosis,
Of great interest is the fact that citrate concentration in the
kidney was elevated in all forms of metabolic alkalosis. This
was not the case in the liver or the muscle where different
metabolic events must have taken place. In the kidney, we like
to think that augmented citrate excretion in alkalosis is related
to the renal tissue concentration of citrate which prevents full
reabsorption of filtered citrate. There is little evidence to
support the possibility that citrate can be secreted by renal
tubular cells [47].
The metabolism of citrate in the kidney during metabolic
alkalosis is not perfectly understood. Simpson [47, 491 and
Simpson and Angielski [50] have attributed the augmented
citrate excretion in alkalosis to intracellular cytoplasmic
0 A
alkalosis which will decrease the mitochondrial pH gradient
o A
causing a decrease in the entry of citrate into mitochondria [471
and augmented exit into the cytosol [50]. Using renal slices and
tubules, it has been reported that citrate oxidation is inhibited
6.0 6.5 7.0 7.5 8.0 by increasing pH and bicarbonate concentration in the medium
urinary pH [49].
Fig. 3. Relationship between urinary pH and anmonium excretion in all
groups qf experimental animals. Chronic alkalotic animals had received
bicarbonate on the day prior to the experiments. Symbols are: control
animals, x; acute alkalosis, A; chronic alkalosis without potassium, 0;
with potassium supplement, •.
ent studies are related to lactate and citrate. It is well known
that the plasma concentration of lactate is elevated in alkalosis
and most observations have been reported in respiratory
alkalosis [41, 42]. In the present study, we demonstrate that not
only plasma lactate is elevated in chronic metabolic alkalosis
but also that lactate accumulates in the renal tissue, in the liver,
and also in the muscle in all forms of metabolic alkalosis. It has
been reported that elevated plasma lactate in alkalosis is
secondary to the generation of lactate through glycolysis in the
red blood cells [43]. Glycolysis must take place not only in the
erythrocytes but also in all tissues. Such changes and their
consequences have been well discussed by Relman in a review
article [321. It is believed that glycolysis is accelerated in
alkalosis by stimulation of the phosphofructokinase reaction
and that this effect is related directly to pH changes [32, 44—46].
This will generate phosphoenolpyruvate and pyruvate which
will be transformed into lactate under the influence of lactate
dehydrogenase. In our opinion, glyeolysis induced by alkalosis
is the best way to explain the elevation of plasma lactate and the
accumulation of lactate in various tissues as demonstrated in
the present study.
The second important point concerns the metabolism of
citrate during metabolic alkalosis. This subject has been well
reviewed by Simpson [47]. It is well known that the urinary
excretion of citrate augments during metabolic alkalosis [471.
This is confirmed in the present studies. We also show that
plasma citrate concentration increases in chronic metabolic
alkalosis but that renal extraction and reabsorption of citrate
continues. There is active citrate transport in the luminal brush
border and also in peritubular membranes [47, 481. Why the
• 0
0 •
Although citrate could accumulate in the renal cell as a result
of inhibition of citrate transport in the mitoehondria by
alkalosis, we are inclined to relate citrate to tissue glyeolysis.
Glyeolysis will provide lactate but will also provide pyruvate
which will generate citrate in the mitochondria from oxaloaee-
tate and aeetyl CoA. It should be underlined that citrate is
generated in the mitochondria as a first step in the triearboxylie
acid cycle. Therefore, in metabolic alkalosis, citrate in the
kidney could very well originate in the mitoehondria. Deficient
oxidation of citrate in the Krebs cycle would favor its exit into
the cytosol [49]. Citrate taken up from the circulation at the
peritubular site would accumulate in the cytosol. Cytosolie
citrate could thus play a critical role in inhibiting reabsorption at
the luminal site to explain the citraturia associated with meta-
bolic alkalosis [47].
The metabolism of lactate up to the formation of citrate
involves many steps where NAD and NADH are concerned.
A fall in the availability of NAD along with the diminished
uptake of glutamine is sufficient to explain decreased renal
ammoniagenesis during metabolic alkalosis. It is our opinion
that alterations in lactate and citrate metabolism as suggested
by the present studies should be related to promote a unified
theory on the metabolic effects of metabolic alkalosis on the
kidney. Such theory is depicted in Figure 4 which establishes
the necessary contrast between what happens in the kidney
during metabolic acidosis and what happens during metabolic
alkalosis.
The fact that malate concentration rose in the renal tissue in
all forms of metabolic alkalosis is significant. It is probably a
reflection of the inhibition of renal glueoneogenesis which is
believed to take place during metabolic alkalosis [2]. Decreased
oxidation of citrate in the Krebs cycle would also contribute to
the elevation of malate concentration.
The fact that levels of phosphoenolpyruvate, 2-phosphogly-
cerate, and 3-phosphoglycerate dropped in the kidney and liver
is perfectly compatible with both increased glycolysis and
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decreased gluconeogenesis. The fall represents changes in
cytosolic reactions leading to the formation of pyruvate which
can be transformed into lactate or enter the citric acid cycle to
be transformed into oxaloacetate and acetyl CoA, the precur-
sors of citrate. The fact that glucose-6-phosphate did not change
indicates that the concentration of glucose in the kidney and
liver was not changed during alkalosis. The absence of such
changes in the muscle agrees with the fact that this is a
non-gluconeogenic organ.
The present studies permit a comparison between acidosis
and alkalosis with regard to the biochemical changes which take
place in the mitochondria and cytosol of the renal tubular cells.
These events predominate in the proximal tubule [41 and are
summarized in Figure 4. An increase in intracellular pH and
bicarbonate is accompanied by a reduction in the uptake of
glutamine and its transport in the mitochondria [3]. Inhibition of
gluconeogenesis in the cytosol is probably related to glycolysis
which explains the generation of lactate and citrate from
pyruvate. Reduced ammoniagenesis is readily explained by
reduced transport and defective oxidation of glutamine. The
reverse type of changes takes place in acidosis where the
gluconeogenic pathway is accelerated following increased
transport and oxidation of glutamine with augmented am-
moniagenesis [4]. In the cytosol, the biochemical reactions are
now in the direction of phosphoenolpyruvate and glucose
instead of pyruvate. It is therefore not surprising that the renal
metabolite profile reveals that lactate concentration does not
change while that of citrate falls as demonstrated in the dog in
this laboratory [41. The renal concentration of malate is el-
evated both in acidosis [4] and alkalosis. In the latter state, it
reflects an inhibition of gluconeogenesis while in acidosis it is
involved in gluconeogenesis in the cytosol and also in the
mitochondrial oxidation of glutamine through malic enzyme [4].
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